Abstract. Soil structure interaction (SSI) plays
tures. Therefore many researchers have assessed its importance in emphasizing earthquake response both in buildings and bridge arena. The present study aims at considering a 3D numerical simulation of a soil-structure system that applies nonlinear hysteretic materials with advanced plasticity models. This approach enables to reproduce soil hysteretic elasto-plastic shear response (including permanent deformations) and thus damping foundation impedances. In particular, the paper applies the opensource computational interface OpenSeesPL, implemented within the FE code OpenSees. This framework is capable of performing non linear dynamic analysis and apply user-defined materials to model the soil. It is also powerful in modeling the interface and boundary conditions that are of extreme importance in SSI problems.
The aim is to reproduce the seismic response by a parametric study based on mutual behavior of soil and structural deformability in order to assess safety and cost reduction when SSI is considered in design procedures. Therefore, this study can be considered one of the relatively few attempts to assess seismic performances aiming at contributing to new easy-to-use design procedures for engineers all over the world.
BACKGROUND
Soil structure interaction (SSI) takes into account the effects of the ground on the seismic response of a structural system. In particular, free field response can consistently under evaluate effects due to soil structure dynamic interaction. Even if many codes suggest to neglect SSI (for example [1] and [2] ) there are some researches where SSI is shown to be nonconservative for safety and cost reduction. In such cases, it is fundamental to take into account SSI in design procedures in order to predict its effects as detailed as possible [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Unfortunately modelling SSI is a changeling problem for numerical simulations and a few contributions [15] [16] [17] have provided insights. Many of them apply SSI simply by introducing springs, dashpots and artificial masses in the interface between the structure and the soil. This could be non-sufficiently detailed in order to model the problem complexity. In this regards, free field response can differ consistently from the soil -structure response because it is straightly connected with the mutual dynamic characteristics (natural frequencies) and thus with structural mass and stiffness, soil shear velocity and layer depth [4] . In particular [5] shows that SSI depends on several dimensionless parameters, such stiffness ratio, slenderness ratio and mass ratio.
Taking into account these relevant contributions, the present study aims overcoming all previous simplifications considering a 3D soil-structure system that applies nonlinear hysteretic materials with plasticity models. This approach enables to reproduce soil hysteretic elasto-plastic shear response (including permanent deformations), damping foundation impedances and realistic boundary conditions at the base of the soils and in correspondence with the interface between the soil and the structure. In particular, the paper applies the opensource computational interface OpenSeesPL, implemented within the FE code OpenSees.
The proposed numerical simulations aim at reproducing the literature background in order to calibrate the model and thus study more detailed insight into soil structure interaction problems in order to obtain numeric results able to provide design and management decision making assessment.
COMPUTATIONAL PLATFORM
Numerical simulations proposed in this study aim at reproducing the seismic response of a system structure and soil using the open-source computational interface OpenSeesPL, implemented within the FE code OpenSees [18] . It consists of a framework for saturated soil response as a two-phase material following the u-p (where u is displacement of the soil skeleton and p is pore pressure) formulation.
In the study, the mechanical behavior of the soil has been modeled as a nonlinear hysteretic material, using a Von Mises multi-surface kinematic plasticity approach together with an associate flow rule. This constitutive formulation is able to capture both monotonic and hysteretic elasto-plastic cyclic response of those soils whose shear behavior is assumed insensitive to confining stress. According to this formulation, plasticity is exhibited only in the deviatoric stress-strain response, while volumetric response is linear-elastic. In particular, the study has been divided in two increasing detailed steps.
The first step consists of reproducing one degree of freedom (dof) structural systems with increasing fundamental periods. In particular, two parametric studies have been performed. The height of the structure has been changed in order to consider different number of floor composing the structure. Then, the importance of mass ratio has been investigated. Therefore, representative soil mass (and thus the foundation volume) has been varied and several anal-yses have been performed considering the same structural configuration. The aim of this first step is to calibrate OpenSees materials and potentialities in reproducing literature results.
The second step consist of considering structural performance when SSI effects are applied. In particular, several structural configurations have been considered in order to assess the influence of stiffness ratio on equivalent system. Displacement have been taken into account as the main parameters in order to assess the system performance. The following sections detail the two steps.
CALIBRATION
The first step consists of performing a 3D mesh (Figure 1 ) aimed at performing tridimensional soil structure interaction analyses, by applying OpenSees PL [19] . Originally the interface has been calibrated for pile analysis. Here it has been modified in order to consider the presence of the system structure -foundation. The study considers two typical concrete shear type structures that can be studied as one single degree of freedom (DOF) models following procedure [20] . In particular dynamic characteristics structural mass (m), stiffness (k) and natural frequency (ω 0 ) have been calculated and shown in Table 1 . The foundation has been considered as a swallow foundation (0.50 m depth) with a rigid element.
The soil has been considered one-layer homogenous cohesive material with a 30 m depth (see table 2 ). The adopted 3D (20m × 20m x 30m) FE mesh is composed of 2496 brickUP linear isoparametric 8 node elements with 2873 nodes (Figure 1) . The model base boundary is set at a depth of 30 m from ground surface. Pore pressure generation effects have been neglected. Opensees is able to simulate real wave propagation adopting realistic boundaries, by assuming that at any special location, symmetry conditions can be adopted and thus, periodic boundaries [21] have been considered. Displacement degrees of freedom of the left and right boundary nodes were tied together both longitudinally and vertically using the penalty method. In this regards, base and lateral boundaries were modelled to be impervious, as to represent a small section of a presumably infinite (or at least very large) soil domain by allowing the seismic energy to be removed from the site itself. For more details, see previous studies [22] [23] [24] [25] . Connections between the structure and the soil are built up with Equaldof elements that imposes the displacements to be the same between the structure and the soil nodes [18, 19] . The clay layer has been modelled with the implemented material named Pressure independent Multiyield [19] . It consists of a nonlinear hysteretic material, using a Von Mises multi-surface kinematic plasticity approach together with an associate flow rule. Its constitutive formulation is able to capture both monotonic and hysteretic elasto-plastic cyclic response of those soils whose shear behavior is assumed insensitive to confining stress. According to this formulation, plasticity is exhibited only in the deviatoric stress-strain response, while the volumetric response is linear-elastic. The study has been divided into several steps.
First of all, SSI has been neglected by considering shear velocity values up to 3000 m/s, in order to simulate fixed based conditions and reproducing the fundamental structural periods. In this regards, a eigenvalue analysis has been performed and the fundamental frequencies (3 Hz and 6 Hz) have been confirmed.
Then, soil stiffness has been varied in order to take into account SSI effects. In particular shear wave velocity (Vs) has been varied in order to simulate different soil conditions. Table  2 shows soil characteristics in correspondence of Vs=250 m/s. Following the literature [5, 6] , soil-foundation-structure equivalent system dynamic characteristics have been calculated in terms of equivalent system mass (m e ), stiffness (k e ) and natural frequency (ω e ). Figure 2 shows the 3D mesh deformation for Vs equal to 250 m/s and in correspondence with the equivalent system fundamental period.
Therefore, mass ratio value ( ), defined as the ratio between the relative structural mass and the soil mass, has been considered constant and equal to 0.5 for the two structural configurations. Results in terms of stiffness ratio ( ) and ratio of natural frequencies (between the equivalent system and the structure) are represented in Figure 3 . Results for both structures show a good agreement with the theoretical approach [5] , confirming Opensees potentialities and model assumptions in performing soil structure interaction 3D numerical problems. In particular, results in correspondence with stiff structure (f 0 = 6Hz) is shown to be more consistent with the theory ( figure 3) .
Finally, in order to evaluate the importance of mass ratio, a parametric study has been performed by considering several values ( =0.5, =1.0, =3.0). All analyses have been performed considering the stiffest structural configuration (f 0 =6 Hz). Figure 4 shows the effects of increasing values (and thus increasing the structural mass in comparison with the soil volume) on the relationship between dynamics characteristics and structural ratio. These results are still consistent with the theory [5] . 
SSI ASSESSMENT
This section aims at investigating soil structure dynamic interaction significant role during seismic excitations. The study aims at assessing equivalent system seismic performance by referring to displacements. In particular, traditional approaches are based on introduction of linear (translational and rotational) springs and dashpot as to reproduce the stiffness and damping characteristics of the compliant soil-foundation system [5, 6] . On the contrary, the presented approach considers a 3D soil-structure system that applies nonlinear hysteretic materials with advanced plasticity models, without separating the different contributions with artificial elements. In particular, sinusoidal excitations were defined along the base in the longitudinal direction (x-axis), with 0.2 g of amplitude and 1 Hz frequency, considering three structural configurations (f 0 =3 Hz, f 0 =6 Hz and f 0 =10 Hz). All the analyses here have been performed considering the same mass ratio ( =3).
Displacements have been considering at different height of the equivalent system, as shown in Figure 5 that clarifies all the components:
• U FF : free field displacement, calculated without the structure.
• U s : soil displacement evaluated at the top of the soil layer and caused by the presence of the structure.
• U ST : structural displacement (the sum of the effects of rotation and longitudinal displacement) • U TOP : top structural displacement: U TOP = U FF + U S + U ST .
• U BASE : displacement relative to free field: U BASE = U FF + U S . In particular, for each performed case, U TOP and U BASE time histories have been taken into consideration while U ST has been calculated with their difference. Figure 6 - Figure 8 show the response of equivalent soil-structure system in terms of structural (U ST ), top displacements (U TOP ) and base displacements (U BASE ) respectively, scaled with the maximum displacement reached. SSI effects are shown to increase all the displacements until a particular value of stiffness ratio ( ), where the displacements reach their maximum values. In particular, structural displacement (U ST ) is affected by foundation rotations and translations. In this regards, the performed simulations have the advance to overtake the traditional approaches [5, 6] based on introduction of linear (translational and rotational) springs and dashpot reproducing directly stiffness and damping characteristics of the compliant soil-foundation system. Figure 8 shows 3D deformed mesh for f 0 =3 Hz, =2 case. 
CONCLUSIONS
The paper shows a numerical study aimed at investigating soil structure dynamic interaction significant role during seismic excitations. It can be considered a first study able to overcome traditional simplifications adopting a 3D soil-structure system that applies nonlinear hysteretic materials with advanced plasticity models. In particular, the paper applies the opensource computational interface OpenSeesPL, implemented within the FE code OpenSees performing parametric studies based on mutual behavior of soil and structure dynamic characteristics.
Calibration procedures show good agreement with theoretical approaches confirming Opensees potentialities and model assumptions in performing soil structure interaction 3D numerical problems. In particular, two parametric studies have been performed in order to assess the role of structural dynamic characteristics and mass ratio. The paper shows also an assessment study that investigates SSI significant role during seismic excitations assessing seismic performance in terms of displacements. The aim is the safety assessment and cost reduction in design procedures with particular attention to those cases where SSI can become non-conservative.
The study reproduces several one degree of freedom (dof) structural systems with different dynamic characteristics. Further analysis will aim at reproducing more complex systems, such as buildings and bridges.
